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Abstract: 
The doping   dependence of   dry   thermal   
oxidation   rates   in   n-type  4H-SiC was 
investigated. The   oxidation   was   performed   
in   the temperature  range 10000C to  12000C  
for  samples  with nitrogen doping  in  the  
range  of  6.5×1015/cm3  to  9.3×1018/cm3, 
showing a clear doping dependence. Samples 
with higher doping concentrations displayed 
higher oxidation rates.  The results were 
interpreted using a modified Deal-Grove model. 
Linear   and   parabolic   rate constants and 
activation energies were extracted.  Increasing 
nitrogen led to an increase  in linear rate 
constant pre-exponential factor from 10-6m/s to 
10-2m/s and the parabolic rate constant pre-
exponential factor from 10-9m2/s to 10-6m2/s.  
The increase in linear rate constant was 
attributed to defects from doping-induced 
lattice mismatch, which tend to be more 
reactive than bulk crystal regions. The increase 
in the diffusion-limited parabolic rate constant 
was attributed to degradation in oxide quality 
originating from the doping-induced lattice 
mismatch. This degradation was confirmed by 
the observation of a decrease in optical density 
of the grown oxide films from 1.4 to 1.24. The 
linear  activation  energy  varied  from  1.6eV  to  
2.8eV ,  while the  parabolic  activation  energy  
varied  from  2.7eV  to  3.3eV, increasing with 
doping concentration. These increased 
activation energies were attributed to higher 
nitrogen content, leading to an increase in 
effective bond energy stemming from the 
difference in C-Si (2.82eV) and Si-N (4.26eV) 
binding energies. This work provides crucial 
information in the engineering of SiO2 
dielectrics for SiC MOS structures, which 
typically involve regions of very different doping 
concentrations, and suggests that thermal 
oxidation at high doping concentrations in SiC 
may be defect mediated. 
Index Terms: 
4H-SiC, Doping dependence, Thermal Oxidation, 
Linear rate constant, Parabolic rate constant, 
Activation energy, Optical density 
Introduction: 
4H-SiC’s superior  electrical  properties , 
such as  wide  band  gap (3.2eV),  high  
breakdown  electric  field(2.2MV/cm),  high  
saturation  velocity(2.0x107 cm/s), high 
mobility (1000cm2/Vs)  and  high  thermal  
conductivity (4.9W/cmK) make it a  
promising   semiconductor  material  for  
power  electronic  devices in smartgrid 
power conversion applications [1].  
Unlike other wide bandgap  semiconductor  
materials,   SiC  can  be thermally  oxidized   
to form native  SiO2  dielectric layers, the  
insulator  for  metal-oxide–semiconductor 
(MOS)  applications. Extensive research has 
been carried out [1-6] to determine the 
oxidation  mechanism  of  SiC, leading to a 
modified Deal-Grove model [2] based  on  
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the established  model  for  Si  oxidation[3]. 
Several parameters determining the SiO2 
thickness have been investigated and 
established, such as oxidation time [4], 
temperature [5,6] and substrate orientation 
[7]. In this paper, we present results 
isolating the doping dependence of  
thermal oxidation rates on  n-type  4H-SiC. 
Such studies have been carried out 
extensively for Si-oxidation [8], while there 
are none for SiC. An understanding of the 
doping dependence of SiC thermal 
oxidation is critical for the engineering of 
MOS dielectrics on SiC, which typically 
contain regions of very different doping 
concentrations e.g. >1018cm-3 for 
source/drain regions vs. ~1016cm-3 for 
channel regions. 
Ref. [2] illustrates the  five  steps in the SiC  
thermal oxidation   process , governed by 
the following overall chemical reaction: 
ܵ݅ܥ + 1.5ܱଶ ↔ ܱܵ݅ଶ + ܥܱ                      (1) 
The five steps are 
1. Transport  of  molecular  oxygen  gas  
to  the  oxide  surface 
2. In  diffusion  of  O2  through  the  
oxide  film 
3. Reaction  with  SiC  at  the  oxide/SiC  
interface 
4. Out  diffusion  of  product  gases  
(e.g., CO)  through  the  oxide  film  
and 
5. Removal  of  product  gases  away  
from  the  oxide  surface 
In this modified Deal-Grove model, the 
thickness, X, of a grown oxide film is given 
by  
         ݐ + ߬ = ௑మ
஻
+ ௑
஻/஺                         (2) 
Where t is the oxidation  time and ߬ is a 
time that  accounts  for any native  oxide. In 
a more general sense, ߬   is  an  important  
parameter  because  it  also accounts for 
anomalies in the early stage of oxidation, 
and provides a fitting factor to adequately 
describe these anomalies [9]. If the native  
oxide  and  the grown  oxide  thickness  are  
comparable  in value, neglecting   ߬  will  
cause  erroneous  results in the use of the 
Deal-Grove model for predicting the oxide 
thickness.  B is the parabolic  rate  constant 
and  B/A is the linear  rate  constant . From 
this equation, it can be seen that at small 
thicknesses, X, the linear term on the right-
hand side dominates, whereas at large 
thicknesses, the quadratic, or parabolic 
term dominates. 
 At short oxidation times, there is almost no 
oxide present on the surface, so that there 
is no diffusion process occurring through 
the oxide. Thus, the linear term, B/A, is 
dependent on the kinetics of the interfacial 
reactions producing SiO2 at the SiC surface 
(Step 3). Because oxidation takes place in a 
O2 ambient, ܥைଶ
∗ >> ܥ஼ை∗  , and the linear 
rate constant can be written as [2] 
஻
஺
≈
஼ೀమ
∗  
ேబ
ܭ௙                       (3)                                               
where No  is  the    number  of  oxidant  
molecules  incorporated  into  a  unit  
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volume  of  oxide  layer (which is a 
constant) , ܭ௙ is the rate constant of the 
forward reaction  in equation (1) . 
At longer oxidation times, the reactants 
have to get to and from the SiC/SiO2 growth 
interface by diffusing through the thick 
oxide layer.  Thus, the parabolic term, B, is 
determined by the diffusivity of the growth 
species in the grown SiO2 films. The 
parabolic  rate  constant(B)  is  given  by[2] 
ܤ = (௄೑஼ೀమ∗ ି௄ೝ஼಴ೀ೉∗ ) ேబ൘భ.ఱ಼೑
ವೀమ
ା
಼ೝ
ವ಴ೀ
                           (4a) 
Where ܥைଶ
∗  is the equilibrium   
concentration   of  the  oxygen  gas , which  
is  a constant (corresponding to a partial 
pressure of 1 atm),  ܦைమ  is  the  diffusion   
coefficient  in  the  oxide for  O2  and  ܦ஼ை  
is  the  diffusion   coefficient  in  the  oxide  
for  CO. Kr is the rate constant for the 
reverse reaction in equation (1) . 
 If oxygen in-diffusion (Step 2) is  the  rate  
controlling diffusion  step ,  or  ܭ௙ ܦைమ⁄ >> 
ܭ௥
ܦ஼ை
ൗ  ,  then  the  parabolic  rate  
constant  is 
ܤ = ஼ೀమ∗
ଵ.ହேబ ܦைమ                                     (4b) 
If  CO  out-diffusion  is  the  rate   controlling  
diffusion step (step 4),  the  parabolic  rate  
constant  is 
ܤ = ௄೑஼ೀమ∗
௄ೝேబ
ܦ஼ை                                      (4c) 
This framework will be used to interpret the 
doping-dependent oxidation results 
presented below. 
Experimental: 
n-type(Nitrogen  doped) 8mm×8mm  4H-SiC  
samples,  cut 80  off axis  from the  [0001]  
plane were used. Samples were cleaned 
using trichloroethylene, acetone, methanol, 
and 5% HF  solution in successive steps. 
Immediately thereafter, atomic force 
microscopy measurements were used to 
determine the R.M.S roughness in a  
5µm×5µm  area  at  several  points on  each  
sample, revealing uniform roughness (0.5 to 
0.8nm) for all samples. A Keithley  590  C-V  
analyzer  was  used  to  measure the  
capacitance-voltage (C-V)  characteristic  of  
each  sample  and the corresponding  
doping  density  was  extracted [10]. The 
data reported  below  are for samples cut 
from  five  wafers ,  henceforth  referred  to  
as  wafers  A,  B, C, D  and  E, with 
decreasing  doping  concentrations, 
9.3×1018/cm3, 7.4×1018/cm3,  2.1×1017/cm3,  
1.6×1017/cm3  and  6.5×1015/cm3  
respectively. Sample A and B are directly 
cut from the wafer whereas samples C,D 
and E have 20µm thick epilayers on them 
with the respective doping as indicated 
above.  The low doped epitaxial samples(C, 
D and E) were grown by chemical vapor 
deposition (CVD) using conditions described 
elsewhere [11]. X-ray  rocking curves show 
FWHM varying from 7-12 arc-sec   to   30-40 
arc-sec    as the n-type 4H-SiC doping 
density varies from  6.5x1015cm-3 to 
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9.3x1018cm-3, indicating a degradation of 
crystal quality with increasing doping. The 
effect of this degradation in crystal quality 
with increasing doping is explained later in 
conjunction with increased oxidation rate.  
The samples were then placed in 5%  HF  
solution for  5  minutes  to  remove  the 
native  oxide  and  rinsed  in  de-ionized  
water. They were then loaded  in an 
oxidation furnace  for  dry  thermal  
oxidation  with  oxygen  flow  rate 
maintained  at  9.3SLM. Oxidation was  
carried out at  three  different  
temperatures : 10000C, 11000C and  11900C. 
The temperature   was  not  increased   
beyond  12000C  since ionic  oxidant   
transport  and/or crystallization can  occur 
on the oxide surface at this temperature 
[5].   At each  temperature,  oxidation  was  
done  for 2,  4,  6  and  8hours  respectively. 
After each experiment, the samples  were  
unloaded  from  the  furnace  at  room  
temperature. The RMS roughness was 
measured using AFM in a  5µm×5µm  area  
at  several  points on top of each  sample, 
revealing oxide surface roughness 0.3-
0.5nm. After all characterizations were 
performed, the oxide was stripped using HF. 
The interfacial RMS roughness was then 
measured to be ~0.5-0.8nm by AFM. These 
low roughness values allow us to ignore the 
influence of surface and interfacial 
roughness on our thickness measurements 
by ellipsometry [12]. 
The oxide  thickness  was  measured  using 
ellipsometry  and mercury-probe  C-V  
analysis in the accumulation region [10]. 
The accumulation capacitance, C, which is 
related to the oxide thickness, X, is  given  
by 
ܿ = ߝܣ
ܺ
 
Where, ए is the dielectric  constant  of SiO2 
(~3.7) and  A is the mercury contact  area. 
For ellipsometry, 9  points were measured 
on the sample to obtain the oxide thickness. 
The error bars here were calculated from 
the thickness difference of these points. For 
C-V, the precision of our capacitance meter 
is ±0.1݌ܨ, and is the major source of error 
for this measurement. Thicknesses obtained 
from these two techniques are consistent 
within the error bar limit (Figure 1).   Oxide 
thickness extracted from C-V falls within the 
error bar limit of the thickness measured by 
ellipsometry, illustrating the self-
consistency of the 2 measurement 
techniques. 
Results and Discussion: 
Figures 1a,  1b  and  1c  show   the oxide 
thickness measured by ellipsometry, X,  of  
the  Si  face as  a function  of  oxidation  
time and doping  for  10000C,  11000C  and  
11900C  respectively. From these plots, it is 
seen that the oxide thickness increases with 
time [4], temperature [5,6] and with doping 
concentration.  Further, as all  the  samples  
are  80  off -axis  from  the  [0001]  plane, 
we  are  confident  that the variation in 
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Fig 1(a): Oxidation  at 10000C with 9.3SLM O2 
flow.  
Fig 1(b): Oxidation  at 11000C with 9.3SLM O2 
flow.  
oxide  thickness with doping is  not  masked  
by variations in substrate orientation [7]. 
Another possible contribution to 
differences in oxidation rate is the starting 
surface roughness, similar for all samples in 
this study. This precludes surface roughness 
Fig 1(c): Oxidation  at 11900C with 9.3SLM O2 
flow.  
as a contributing factor to the observed 
variation in oxidation rate, leaving doping 
differences as the major factor accounting 
for the variations in oxidation rate. 
The  parabolic  and  linear  rate constants 
are  related  to  the  activation  energy  by  
the  following  equations: 
 ܤ = ܤ଴ exp(-EB/KT)                                    (5a) 
 ܤ/ܣ = (ܤ/ܣ)଴ exp(-E(B/A)/KT)                  (5b) 
where  EB  and  E B/A  are  the  parabolic  and  
linear  activation  energies, B0  and  (B/A)0  
are  the  parabolic  and  linear pre-
exponential  constants  respectively and T is 
the absolute temperature. Figure 2 
illustrates how these parameters were 
extracted, while accurately accounting for , 
and is described in greater detail below. 
This procedure is shown for a single time  
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Fig2(a): 2nd  order  polynomial  fit  to  extract τ 
at 11000C for the sample of doping density 
1.6×1017/cm3  .                                                        
Fig-2(b): Linear  fit  to  extract linear  and  
parabolic  rate  constant at 11000C for the 
sample of doping density 1.6×1017/cm3 .  
dependent series, although this was used 
for all the data in this paper.  
                                                                                                  
Fig2(c):  Linear  rate  constant  as a function  of 
Temperature for the sample of doping density 
1.6×1017/cm3  . 
First, the oxidation time (t)  was  plotted 
against X (Figure 2a)  for a given 
time/temperature/doping series and was fit  
with a second order polynomial (equation 
2). The constant in this fit corresponds to τ.  
Using this  , we  plot   X  against  (t+)/X  
for  each  temperature  and a  linear  fit  
was  performed (Figure 2b), as described in 
[9] for the extraction of the linear and 
parabolic rate constants.  The slope of this  
line gives B, while the vertical intercept 
gives A, from which B/A is deduced[9].  
 B/A is then plotted as  an Arrhenius  
function  of T in  figure  2(c), showing an 
increase  of  B/A   with  T,  in agreement  
with   ref [13]. From this Arrhenius plot, 
(B/A)0 and EB/A are extracted (equation 5b). 
A similar procedure was used to extract B0 
and EB using equation 5a.   
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Fig-3: Linear  and  parabolic  rate  constant  as  
a function  of  doping  concentration  
In  this  investigation,  it was found  that   
the oxidation  rate  is  higher  for  highly  
doped  samples  compared  to  low  doped  
samples.  Higher  oxidation  rates  are  due  
to  higher  oxidation  rate  constants. In  our  
dry  thermal  oxidation  experiments  we 
show an increase  of  both  linear  and  
parabolic  rate  constants with  doping  
concentration. We will address each of 
these constants in greater detail in the 
discussion following. 
Rate Constant Pre-exponential Factors 
Figure 3 shows (B/A)0 increasing from ~10
-6 
to ~10-2, as the doping concentration 
increases from 6.5×1015/cm3   to  
9.3×1018/cm3. In equation (3), both (ܥைଶ
∗ )  
and (N0)   are  constant,  as  explained  
above, and  cannot  be  affected  by  the  
increase  of  doping  concentration.  Thus, 
the  only  parameter  that  can  cause an  
increase  of the  linear  rate  constant  is  ܭ௙ 
, which determines the interfacial reaction 
rate. 
 In n-SiC, nitrogen (N) doping leads to N-
atoms substituting carbon (C)  atoms in the 
SiC lattice  [14].  The smaller radius of the 
N-atom compared to the C atom  results in 
a local mismatch  in  the SiC  lattice, leading 
to the formation of defects in the SiC and 
degrading the crystal quality at high doping 
concentrations [15].  This is supported by 
our X-ray rocking curve data indicating an 
increase in FWHM from 7-12 arc-sec to 30-
40 arc-sec as the doping concentration 
increases from 6.5×1015/cm3 to 
9.3×1018/cm3. In other words, defect 
concentrations, originating from doping-
induced lattice strain, increase with doping 
concentration [15]. These defect sites are 
more susceptible to oxidation than non-
defect sites owing to a greater number of 
dangling bonds, and would lead to an 
increase in oxidation rate, and 
consequently, Kf, for thin oxide layers. In 
this study, the  doping  concentration  is 
changed  from  6.5×1015/cm3   to  
9.3×1018/cm3  causing the surface density of  
the  doping  induced defects to increase by 
(9.3x1018/6.5X1015)2/3100, suggesting that 
the interfacial oxidation rate should 
increase by at least 100 times. (B/A)0 
increases from  10-6  to  10-2 , or by ~104.  
This suggests that the increase in linear 
oxidation rate constant is due, at least in 
part, to the defects caused by the doping-
induced lattice mismatch, and that the 
thermal oxidation of SiC is mediated by 
defects, in agreement with recent reports 
[16]. We derive the following empirical 
8 
 
 Fig-4: Optical density of oxide as  a function  of  
doping  density for different oxidation 
temperature. 
power-law relationship for (B/A)0 by fitting 
to the data in Fig. 3: 
(B/A)0= N
1.33.4x10-28 (6)  
As (B/A)0 is proportional to the reaction rate 
constant Kf
,, equation (3) illustrates the 
change in interface reactivity with doping 
concentration. This power law dependence 
suggests that this reaction may be second 
order, as (B/A)0 increases approximately as 
(N2/3)2, although this point bears further 
investigation. 
B0, the parabolic pre-exponential factor, 
increases from ~10-9-10-6m2/s or by 1000 
(Figure 3), as the doping increases from 
6.5×1015/cm3  to  9.3×1018/, by a factor 1400 
, demonstrating a clear increase in the 
parabolic rate constant as a function of 
doping. The parabolic rate constant is 
dependent on the diffusion of gases in and 
out of the grown oxide layer (equations 4b 
and 4c), as discussed above.  For this rate 
constant, if oxygen  in-diffusion  is  the  rate  
controlling  step (equation 4b and Step 2), 
ܥைଶ
∗  and  N0   are  constant,  and  cannot  be  
affected  by increasing  doping  
concentration. The only  parameter  that 
can increase  the parabolic  rate  constant  
is  ܦைమ .  Similarly, if  CO  out-diffusion  is  the  
rate  controlling  step (equation  4c and 
Step 4), ܥைଶ
∗   and N0   are again  constant, 
while ܭ௙  and  ܭ௥  will increase at the same 
rate,  as  SiC  oxidation takes place under 
equilibrium  conditions (shown  in  equation 
1). Thus, the ratio ܭ௙/ܭ௥  will not change 
(equation 4c). In this case, the parabolic 
rate  constant can only be increased by an  
increase  of  ܦ௖ை . In other words, 
regardless of the rate controlling diffusion 
step, the diffusivity of gases in the oxide 
must increase to account for the enhanced 
parabolic rate constants.  
The diffusion coefficients of gases  in  the  
oxide (both O2 and CO)  can  increase  only  
if  the  oxide  quality  degrades, providing 
for a more porous oxide film, with voids to 
facilitate diffusion.  Conversely, higher 
quality oxide should have  lower  diffusivity. 
Refractive index, or optical density, is an 
indication of  the  oxide density and  quality. 
In our measurements of oxide  thickness  by  
ellipsometry,   we  found  that the  
refractive  index decreased  from close to its 
ideal value,  1.4, for samples with the 
lowest doping concentrations  
9 
 
Fig-5: Linear  and parabolic  activation energy  
as  a function  of  doping  density  
(6.5×1015/cm3), to  1.24   for  samples  with  
the highest  doping  concentrations 
(9.3×1018/cm3) as shown in Figure 4.  This 
indicates that increasing SiC  doping  
concentration leads to a degradation  in  
the  oxide  quality. The degradation in oxide 
density increases the diffusion coefficient in 
the oxide  (both ܦைమ & ܦ௖ை ),  ultimately 
accounting for the  increase  in B0 with 
nitrogen doping in SiC. We derive the 
following empirical power law relationship 
for B0 by fitting to the data in Fig. 3, 
B0=N
1.01.1x10-25 (7)  
The linear change of B0 with N indicates that 
our identification of doping-induced defects 
as the centers responsible for the enhanced 
oxidation rate in SiC is accurate. This is 
because (B/A)0 is proportional to the oxide 
diffusivity, D0 (equation 4c), which is 
expected to increase linearly with N.  
 
Rate Constant Activation Energies  
Figure  5  shows  the  variation  of  linear 
(EB/A)  and  parabolic (EB)  activation  
energies with doping   concentration. EB/A 
varied  from  1.6eV  to  2.8eV ,  while EB  
from  2.7eV  to  3.3eV, with  both activation 
energies increasing with doping 
concentration. These values are consistent 
with those reported in the SiC literature 
[2],[17-18]. The doping dependence 
observed here may also explain the large 
spread in activation energies reported in 
the literature, from 0.6eV-3.6eV [2],[17-18]. 
This increase in activation energy is 
attributed to the difference in bond energy 
between the Si-C bond (2.82eV)[19] and the 
Si-N bond (4.26eV)[20]. For oxidation to 
take place in SiC, the Si-C bond must be 
broken in order for the new Si-O bond to be 
formed. Increasing nitrogen concentration 
increases the effective bond energy, as N-
atoms occupy the C-atom positions [14]. 
Therefore, in order for oxidation to take 
place, an increased activation energy is 
required with increasing doping 
concentrations.  
While this argument is clear for the increase 
of linear activation energy EB/A, which deals 
with  interfacial reaction of oxygen with SiC, 
where the bonds are broken, it is less 
obvious for parabolic activation energy EB. 
This can be understood by noting that even 
after diffusing through the SiO2 layer, the 
oxygen must react at the interface (Step 3) 
in order to generate an oxide layer whose 
thickness can be measured, even for thicker 
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oxide films in the parabolic oxidation 
regime. For the interfacial reaction to occur, 
the Si-C and Si-N bonds must again be 
broken, presenting an energetic barrier to 
oxidation as in the linear oxidation regime. 
Despite this energetic barrier, the doping-
dependence of EB is much less pronounced 
(2.7eV-3.3eV, or ~20% increase) than for 
EB/A (1.6-2.8eV, or ~75% increase), as 
diffusion kinetics undoubtedly influence the 
overall parabolic activation energy EB. As 
the quality of the oxide degrades with 
doping concentration (discussed above), 
the energy barrier to gas diffusion will 
decrease (Steps 2 and 4), mitigating the 
influence of the increasing barrier 
presented by the Si-N bonds at the 
interface. 
Conclusion: 
In this study of 4H-SiC nitrogen-doping 
(6.5×1015/cm3 to 9.3×1018/cm3) dependence 
of dry thermal oxidation, the oxidation rate 
was found to increase with doping 
concentration. This was accompanied by 
degradation in the oxide density as well.  
These changes were attributed to doping-
induced lattice mismatch, as well as the 
stronger Si-N bond as compared to the Si-C 
bond, and suggest that oxidation of SiC 
may, in some cases, be defect-mediated. 
The findings in this paper illustrate that 
doping variations play a crucial role in dry 
thermal 4H-SiC oxidation. This study has 
implications on the realization of uniform 
SiO2 gate dielectrics on SiC MOS structures, 
which typically contain regions of very 
different doping concentrations. 
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